Abstract: Syntheses and detailed spectroscopic characterizations of two similar conjugated microporous polymers formed by A4 + B2 and A2 + B3 type functional monomers via Sonogashira-Hagihara polycondensation are presented in this report. The two porous polymeric networks possess mono-, di-, and tri-(1-, 1,4-, and 1,3,5-, respectively) substituted benzene rings and fused thiophenic moieties (dithienothiophenes). Because of the different conjugation patterns, their solid state nuclear magnetic resonance, infrared, and ultraviolet/visible light absorption analyses indicated significant differences. Besides the discussions on the porous properties of the obtained polymeric networks, the presented spectroscopic investigations can be useful for identifying the structure-property relationship of the novel conjugated porous polymeric structures, since the characterization of such nonsoluble compounds by using fundamental techniques is always a challenge.
Introduction
The porous organic polymers (POPs) are porous materials composed solely of organic building blocks. 1 As an advantage of their thermally and chemically stable backbone, which exhibits large accessible surface areas, POPs demonstrate competitive performances in traditional applications such as gas storage and heterogeneous catalysis, 2,3 although these areas are still dominated by their inorganic (i.e. zeolites) and organic-inorganic hybrid counterparts (i.e. metal-organic frameworks), respectively. 4−8 High electron density of POPs makes them promising materials for optoelectronic applications. 9−11 Conjugated POPs, namely conjugated microporous polymers (CMPs), are especially favorable materials for nanoelectronic systems due to their electron-rich and porous 3D skeletons, providing advanced electronic properties when compared to their conventional linear analogues.
12,13
The key factor that separates POPs from the conventional polymers is that at least one of their building blocks should maintain more than two functional and polymerizable groups pointing in two or three dimensions, and all the monomers should be rigid to prevent the collapse of the porous skeleton.
14 It should be noted that there are also examples of POPs built from relatively flexible building blocks such as hypercrosslinked polymers, 15−18 the porous properties of which might vary depending on the conditions (i.e. humidity and pressure). POPs can be obtained by using the numerous strategies that have been applied for traditional polymer syntheses for decades, and the selected technique will have a great impact on the final properties of the material. 13, 21 For example, monomers functionalized with several specific groups to form boronic acid esters, imines, or similar groups (i.e. boroxine, hyrazone) can reversibly connect/disconnect to form the most thermodynamically stable compound (the process is called dynamic covalent chemistry) under solvothermal conditions, yielding crystalline POPs (covalent organic frameworks). 22−24 On the other hand, the standard put-and-stir wet polymer chemistry results in amorphous structures due to the irreversible connections, which generally concerns C-C bonded materials. 13 Thus, the carbon-carbon coupling methods are frequently used in the syntheses of amorphous POPs, the physical and electronic properties of which are affected by the reaction conditions. 21 For example, Yamamoto coupling is one of the earliest and most efficient methods in POP syntheses, which takes place between halogen functionalized monomers. 25, 26 This coupling reaction is popular as it yields high surface area POPs; however, only homopolymers or random copolymers can be produced by using this method.
27,28
Suzuki-Miyaura cross-coupling is another frequently used strategy to produce alternating polymers. 21 The reaction takes place between halogen and boronic acid (or boronic acid ester) under basic conditions. 29 In that context, one should consider that such basic conditions may not be suitable for some compounds. In particular, if an aqueous base is used in the reaction, the presence of water may lead to poor solubility, resulting in an early precipitation of such highly rigid systems. Another alternating polymerization technique, which takes place between acetylene and halogen bearing compounds, Sonogashira-Hagihara polycondensation, is also effective in producing alternating POPs under mild reaction conditions. 21 This carbon-carbon coupling reaction became highly popular after the pioneering CMP study by Cooper et al. 30 and still is one of the most frequently used methods to form electron-rich POPs.
Due to their extended crosslinking and rigidity, POPs are nonsoluble materials in general and hence the investigations to identify their structure-property relationship can be a significant challenge. 21 Given that, there are numerous works representing successful spectral and physical characterizations of POPs obtained under controlled conditions via tuning the monomer ratio, time, solvent, temperature, catalyst, etc. 31−38 Similarly, in order to monitor their electronic properties, adjustment of the conjugation style and length by modifying the heteroatom-rich monomers has also been employed. 39−41 The choice of the monomers was also reported to have particularly significant effects on the electronic levels of CMPs. 42−45 For example, a CMP based on oxidation and reduction of a dithienothiophene (DTT, an aromatic heterocyclic system formed from three fused thiophenes) 46 via respective iodine and ammonia treatment was demonstrated in the literature. 47 On the other hand, another CMP built from a stronger electron-donating unit (tetrathiafulvalenes) could only be irreversibly doped by iodine exposure.
35
In this work, the Sonogashira-Hagihara cross-coupling strategy was applied to produce CMPs from highly electron-rich di-and tetra-bromo DTT units and commonly used acetylene sources, namely tri-and di-ethynyl benzenes, respectively ( Figure 1 ). As a result of the unidentical crosslinking, the nature of the formed voids was identified as not being the same. Hence, the gas sorption measurements revealed altered porous properties, as well as their spectral responses since the conjugation style was changed due to tri-and tetra-functionalized crosslinkers. Thus, the presented results are intended to help researchers to characterize such nonsoluble systems since the presented work involves a common method to produce POPs. 
Results and discussion
Sonogashira-Hagihara polycondensation was employed for A2 + B3 and A4 + B2 type functional monomers (A and B represent DTT and ethynylbenezenes, respectively) to produce the target POPs, namely DTT-CMP-TEB and DTT-CMP-DEB, in order to monitor the effects of different crosslinkings on their physical and electronic properties. Since the reaction was not solvothermal, the obtained powders were found to be amorphous after powder X-ray diffraction (p-XRD) analysis (Figure 2). Gas (N 2 ) sorption measurements of the polymers were performed to verify if the synthesized polymers possessed any accessible surface area. The gas sorption isotherm of DTT-CMP-DEB showed Type I behavior 24 with high N 2 uptake at low relative pressures, pointing to a better microporous character in comparison to DTT-CMP-TEB, which displayed a lower uptake in the studied region ( Figure 3 ). DTT-CMP-DEB exhibited a much larger Brunauer-Emmett-Teller (BET) surface area of 513
The larger surface area of the former was attributed to the higher number of micropores along its skeleton, which is probably due to the higher number of crosslinking sites (4 sites of DTT in the A4 + B2 type polycondensation), and also the shorter comonomer (DEB).
33 A higher fraction of micropore volume of DTT-CMP-DEB was also noted with respect to DTT-CMP-TEB (Table) , as expected. 36 Furthermore, both isotherms showed a continuous further uptake of nitrogen in the intermediate pressure range, especially distinct for DTT-CMP-TEB. This continuous uptake as well as the large hysteresis of the desorption branch were attributed to a partial swelling of the polymers during gas uptake, which can be expected to be more pronounced for networks with lower crosslinking density.
Table.
Reaction pathways for randomly A4 + B2 connected DTT-CMP-DEB and A2 + B3 type DTT-CMP-TEB formation.
Surface area
Pore size For the acetylenic region (between 95 ppm and 78 ppm), the observed peaks provide more information related to the different backbones of the polymeric networks. For example, DTT-CMP-TEB is expected to display just one type of acetylenic connection since the dibromo-DTT derivative (monomer 2 in Figure 1 ) can only react with 1,3,5-ethynyls of TEB to form the final poly-aryleneethynylene. The two signals at 92.2 ppm and 84.0 ppm can be assigned to that internal acetylene connection, which can be addressed to the carbon next to the α -position of DTT units and the carbon next to the benzene of TEB, respectively. In contrast, DTT-CMP-DEB was formed by A4 + B2 type monomers, among which the DTT moieties (A4, monomer 1 in Figure 1 ) act as crosslinkers and carry the reactive sites located in two different neighboring areas. Hence, three different acetylenic connections are expected in the spectrum of DTT-CMP-DEB (i.e. DTT ≡DEB ≡DTT, DTT ≡DEB ≡phenyl, phenyl≡DEB ≡phenyl; see the drawing in Figure 1) . Indeed, in the spectrum of DTT-CMP-DEB, an additional peak of the carbon-rich connection at 87.8 ppm (phenyl≡DEB ≡phenyl) was spotted other than the ones that are nearly identical to the signals of DTT-CMP-TEB. Furthermore, the resonances of unreacted end groups were observed in both spectra at 115.6 ppm from the halogen-bearing α -carbon of DTT and at 78.5 ppm corresponding to terminal acetylenes.
IR measurements also revealed the structural variations for each CMP except the identical internal C ≡ C stretching peak at 2183 cm −1 ( Figure 5 ). Since DTT-CMP-DEB possessed only 1,4-difunctionalized benzene units, the three observed high intensity peaks in the IR spectrum at 1597 cm −1 , 1502 cm −1 , and 1404 cm
were attributed to C = C stretching of benzene rings. On the other hand, in the same region, only two main peaks at 1577 cm −1 and 1443 cm −1 were observed for 1,3,5-trisubstituted benzenes of DTT-CMP-TEB along with multiple small peaks probably belonging to the monofunctionalized phenyl side group of the DTT linker.
Furthermore, C − H out-of-plane bending of the benzene moieties along the polymeric networks also indicated altered responses in the spectra. In the studied frequency interval (900-690 cm −1 ) , 1,4-difunctionalized benzenes of DTT-CMP-DEB gave only one high intensity peak at 834 cm −1 . However, three strong peaks of DTT-CMP-TEB were observed at 875 cm −1 , 759 cm −1 , and 691 cm −1 , among which the first frequency should represent C-H of 1,3,5-trisubstituted benzenes, whereas the other two should be from monosubstituted phenyls connected to 3-and 5-positions of DTT units.
As was pointed in the introduction, changing the conjugation style affects the electronic properties of the final polymers. Therefore, the observed differences in the solid state diffuse reflectance UV/Vis (DRUV) measurements of the synthesized polymeric networks are not unexpected ( Figure 6 ). Both DTT-CMP-TEB and DTT-CMP-DEB displayed broad absorptions in the visible region with maxima at 456 nm and 510 nm, respectively. A slight red shift of DTT-CMP-DEB could be due to its 1,4-connected benzene units, which enhance the conjugation length along the backbone, while such a conjugation is hindered by 1,3,5-substituted benzenes in DTT-CMP-TEB.
In conclusion, two similar CMPs, formed in different crosslinking patterns via Sonogashira-Hagihara polycondensation by respective coupling of di-and tetrabromo-DTT moieties (A2 and A4) with tri-and diethynyl-benzene units (B3 and B2), were presented. The effect of higher crosslinking with A4 + B2 type monomers resulted in higher microporosity. The polymer exhibited a larger accessible surface area with respect to the one with the B3 crosslinker. The polymers also exhibited altered spectral responses, which were explained via the change of the conjugation style and substituents along the backbone as a result of their different architectures. The presented results should be helpful when identifying complex POP structures such as the ones formed by using random copolymerization techniques (i.e. Friedel-Crafts alkylation to yield the traditional hypercrosslinked polymers or cross-coupling in the case of Yamamoto polymerization) or postsynthetic modifications (i.e. benzannulation over the triple bonds to form benzene moieties). Moreover, the effects of the conjugation length and pathway on the light absorption properties of CMPs were addressed, which are directly related to the electronic band gap of the materials, the tuning of which is essential for the development of high performance CMPs to be used in electronic applications such as sensing, organic electronics, and photocatalysis.
Experimental

Materials and instrumentation
Monomer 1 and monomer 2 were synthesized according to the literature. 48 1,3,5-triethynylbenzene (>98% GC, TEB) and 1,4-dietynylbenzene (>98% GC, DEB) were purchased from TCI Chemicals and further purified by a simple silica column, using dichloromethane (Carl Roth, 99.5%) as the eluent. Pd(PPh 3 ) 4 (99%), CuI (99.5%), dry diisopropylamine (99.95%, Sure/Seal), and dry triethylemine ( ≥99.5%, Sure/Seal) were purchased from Sigma-Aldrich. Dry N, N -dimethylformamide (99.8%, Extra Dry, AcroSeal, DMF) was obtained from Acros Organics, which was used without any further purification. Solid state CP-MAS spectra were recorded on a Bruker Advance 400 MHz (100.6 MHz for 13 C measurements). Varian 640-IR and Varian Cary 300 spectrometers were used for infrared and diffuse reflectance UV-Vis spectroscopy measurements, respectively. N 2 gas sorption measurements were performed using an Autosorb iQ2. A Thermo FlashEA 1112 Organic Elemental Analyzer and Bruker D8 Advance were used for elemental analysis and p-XRD measurements, respectively.
Synthesis of DTT-CMP-DEB
In a glovebox, 250 mg (0.376 mmol) of 2,6-dibromo-3,5-bis(4-bromophenyl)bisthieno [3,2- 
(monomer 1 in Figure 1 ), 94 mg (0.750 mmol) of DEB, 58 mg (0.050 mmol) of Pd(PPh 3 ) 4 , and 9 mg (0.047 mmol) of CuI were dissolved in 25 mL of dry DMF and 2 mL of dry triethylamine in a 100 mL Schlenk flask, which was sealed afterwards and heated until 100°C under inert atmosphere. After 3 days, the reaction mixture was cooled to room temperature, and the precipitation was filtered and washed with various solvents (100 mL THF, 50 mL MeOH, 50 mL distilled water, 50 mL CHCl 3 , and again 50 mL MeOH). Further Soxhlet purification for the washed solid was performed in THF and MeOH for 1 day each, and it was finally dried under vacuum at 90°C. Yield of the collected red powder (DTT-CMP-DEB) was 112% (yields above 100% are common for such materials, probably due to unreacted halogen endcaps polymeric structures, and it is probably due to the limited combustion in the polymeric core).
Synthesis of DTT-CMP-TEB
First 95 mg (0.187 mmol) of 2,6-dibromo-3,5-diphenylbisthieno[3,2-b:2',3'-d ]thiophene (monomer 2 in Figure   1 ), 19 mg (0.126 mmol) of TEB, 14 mg (0.012 mmol) of Pd(PPh 3 ) 4 , and 2 mg (0.01 mmol) of CuI were solved in 15 mL of dry DMF and 1 mL of dry diisopropyl amine under inert atmosphere (in glovebox), and then the charged 100 mL Schlenk flask was sealed and introduced to a 100°C oil bath. The final precipitate was purified by following the same process mentioned above, yielding a pale yellow powder in 65% yield. 
